Genotoxic stress activates the phosphatidylinositol 3-kinase-like kinases (PIKKs) that phosphorylate proteins involved in cell cycle arrest, DNA repair and apoptosis. Previous work showed that the PIKK ataxia telangiectasia mutated (ATM) but not ATM and Rad3 related phosphorylates p53 (Ser15) during hyperoxia, a model of prolonged oxidative stress and DNA damage. Here, we show hSMG-1 is responsible for the rapid and early phosphorylation of p53 (Ser15) and that ATM helps maintain phosphorylation after 24 h. Despite reduced p53 phosphorylation and abundance in cells depleted of hSMG-1 or ATM, levels of the p53 target p21 were still elevated and the G 1 checkpoint remained intact. Conditional overexpression of p21 in p53-deficient cells revealed that hyperoxia also stimulates wortmannin-sensitive degradation of p21. siRNA depletion of hSMG-1 or ATM restored p21 stability and the G 1 checkpoint during hyperoxia. These findings establish hSMG-1 as a proximal regulator of DNA damage signaling and reveal that the G 1 checkpoint is tightly regulated during prolonged oxidative stress by both PIKK-dependent synthesis and proteolysis of p21.
Introduction
Cell cycle checkpoints are vital in preserving genomic integrity and protecting cells from adverse environmental conditions, including that caused by reactive oxygen species (ROS). ROS may be produced acutely, such as, when ionizing radiation causes radiolysis of water. They may also form and accumulate over time as normal by-products of aerobic respiration. Indeed, cancer and aging are thought to be caused by the persistent production of toxic ROS that damage DNA and other macromolecules. While much is known about how checkpoints stall cell growth following acute damage, it is less clear how checkpoints are activated and maintained over hours or even days of persistent oxidative damage.
Cell cycle checkpoints are activated by members of the phosphatidylinositol 3-kinase-like kinase (PIKK) family of proteins that respond to genotoxic stress. The PIKKs ataxia telangiectasia mutated (ATM) and ATM and Rad3 related (ATR) function in parallel pathways to coordinate the cellular response to DNA damage. ATM plays a crucial role in regulating checkpoint activation in response to DNA doublestrand breaks as seen with ionizing radiation (Suzuki et al., 1999) . While ATM can directly bind damaged DNA in vitro, it can also be recruited to sites of damage by a complex of Mre11, Rad50 and Nbs1 (MRN complex) (Smith et al., 1999; Abraham and Tibbetts, 2005; Lee and Paull, 2005) . ATM becomes activated in response to DNA lesions or perhaps by alterations in chromatin structure through intermolecular autophosphorylation on Ser1981 (Bakkenist and Kastan, 2003) . On the other hand, ATR regulates the cellular response to ultraviolet (UV) radiationinduced damage and stalled DNA replication forks and also participates in the late response to IR (Tibbetts et al., 1999; Guo et al., 2000) . Activation of ATR proceeds through its association with ATR-interacting protein (Cortez et al., 2001) . More recently, an additional PIKK family member termed hSMG-1 or ATX was also shown to regulate cell cycle checkpoints in response to IR and UV irradiation (Brumbaugh et al., 2004) . hSMG-1 was first recognized for its role in regulating nonsense-mediated mRNA decay, an mRNA quality control pathway allowing for degradation of transcripts containing premature termination codons (Denning et al., 2001; Yamashita et al., 2001) . While some overlap in function exists, PIKKs are generally not thought of as being redundant and further studies seeking to elucidate how PIKKs respond to different signals are warranted. Activated PIKKs phosphorylate various downstream targets involved in controlling cell cycle checkpoints, DNA repair and apoptotic pathways. These include p53, Chk1, Chk2, Brca-1, Rad9, Rad17, H2AX and others (Canman et al., 1998; Cortez et al., 1999; Bao et al., 2001; Chen et al., 2001; Bartek and Lukas, 2003; Stiff et al., 2004) . Of particular importance to checkpoint activation is p53 phosphorylation on serine 15. ATM can directly phosphorylate p53 (Ser15) in response to IR while ATR is critical in the same response to UV (Canman et al., 1998; Tibbetts et al., 1999) . Additionally, p53 is phosphorylated on Ser20 by Chk1 or Chk2, which are targets for ATR and ATM signaling, respectively, although some cross-talk exists between the pathways (Bartek and Lukas, 2003) . Phosphorylation of p53 on Ser15 or Ser20 stabilizes p53 against proteasomal degradation (Brooks and Gu, 2003) . Stabilized p53 serves as a transcription factor and stimulates expression of the cyclin-dependent kinase inhibitor p21 which activates cell cycle checkpoints by inhibiting cyclin/CDK complexes and PCNA, and also promotes cell survival in response to oxidative stress (elDeiry et al., 1993; Podust et al., 1995; O'Reilly et al., 2001) . Tight regulation of the p53 pathway in response to genotoxic stress is critical in ensuring the optimal outcome since it controls whether cells undergo programmed cell death or survive in response to DNA damage (O'Connor, 1997) .
While checkpoint signaling has been characterized relatively well utilizing acute models of DNA damage, the ability to activate and maintain cell cycle checkpoints in response to prolonged periods of stress is less well understood. We previously reported that hyperoxia (95% oxygen), a model of chronic oxidative stress and DNA damage that occurs over several days, stimulate ATM-dependent phosphorylation of p53 (Ser15) and Chk2 (Thr68) (Helt et al., 2005) . Intriguingly, some p53 (Ser15) phosphorylation was still detected in ATM(À/À) lymphoblasts exposed to hyperoxia. Since p53 (Ser15) phosphorylation was not blocked by dominant-negative ATR, the current study elucidates the involvement of hSMG-1 in phosphorylation of p53 during hyperoxia and determines how activated PIKKs maintain the G 1 checkpoint over several days of persistent oxidative stress.
Results

ATM is not required for early p53 phosphorylation in hyperoxia
We previously reported ATM, but not ATR, regulates p53 (Ser15) phosphorylation and abundance after 24 h of hyperoxia (Helt et al., 2005) . To further define p53 activation during hyperoxia, ATM( þ / þ ) and ATM(À/À) lymphoblasts were cultured in room air (0 h) or in hyperoxia. In ATM( þ / þ ) cells, p53 (Ser15) phosphorylation and expression increased within 3 h of hyperoxia and continued to increase over the first 24 h of exposure ( Figure 1a ). While p53 (Ser15) phosphorylation and abundance also increased in ATM(À/À) cells, it was not maintained after 24 h. Consistent with ATM activation between 12 and 24 h, Chk2 (Thr68) phosphorylation was detected after 12 h of exposure in ATM( þ / þ ), but not in ATM(À/À) cells. To determine whether other wortmannin-sensitive kinases signal to p53 at early timepoints in hyperoxia, ATM(À/À) lymphoblasts were cultured in hyperoxia and wortmannin for 12 h. Hyperoxia stimulated phosphorylation of p53 in ATM(À/À) cells, but not in cells treated with wortmannin ( Figure 1b) . Therefore, additional wortmannin-sensitive kinases initiate p53 (Ser15) phosphorylation and abundance during hyperoxia while ATM maintains p53 activation over time.
hSMG-1 and ATM phosphorylate p53 (Ser15) during hyperoxia Further studies were carried out using an RNAi approach in A549 cells because we were not able to successfully transfect the lymphoblast cell lines with siRNA oligonucleotides. A549 cells were mock transfected and with siRNAs oligonucleotides targeting ATM, hSMG-1, ATR or luciferase as a non-PIKKtargeting control. Each siRNA specifically inhibited expression of its target protein by at least 70% while oligonucleotides against luciferase did not affect PIKK expression (Figure 2a ). A549 cells were transfected with siRNA oligonucleotides, exposed to hyperoxia for 48 h, and p53 phosphorylation assessed by western blot analysis (Figure 2b ). Quantitation of band intensities revealed knockdown of ATM and hSMG-1 significantly reduced p53 (Ser15) phosphorylation (Figure 2c ). In Figure 1 Ataxia telangiectasia mutated (ATM) is not required for p53 activation at early times in hyperoxia. (a) GM00536 ATM( þ / þ ) and GM01526 ATM(À/À) cells were exposed to room air (0) or hyperoxia for 3, 6, 12, 24, 48 and 72 h. Cell lysates were immunoblotted for p53, p53 (Ser15), Chk2 (Thr68) and actin. (b) GM01526 ATM(À/À) cells were treated with wortmannin (25 and 50 mM) or vehicle (0 mM) and exposed to hyperoxia for 12 h. Cell lysates were immunoblotted for p53, p53 (ser15) and actin.
contrast, knockdown of ATR did not affect p53 (Ser15) phosphorylation. To distinguish PIKK-dependent changes in p53 phosphorylation from abundance, A549 cells were transfected with increasing doses of hSMG-1 siRNA and exposed to hyperoxia for 48 h. While 50 nM of oligonucleotide was sufficient to reduce p53 (Ser15) phosphorylation and abundance, 1 nM was sufficient to reduce p53 (Ser15) phosphorylation by 63% without lowering p53 abundance (Figure 2d) . Similarly, siRNA knockdown of hSMG-1 inhibited p53 (Ser15) phosphorylation in HCT116 colon carcinoma cells exposed to hyperoxia (Figure 2d ). For unknown reasons, higher doses of targeting oligonucleotides in HCT116 cells had minimal effects on p53 abundance. These findings reveal hSMG-1 as another PIKK controlling p53 (Ser15) phosphorylation during hyperoxia.
The PIKK hSMG-1 mediates early p53 phosphorylation in hyperoxia To determine if hSMG-1 is responsible for activating p53 at early ATM-independent timepoints in hyperoxia, A549 cells were transfected with siRNA oligonucleotides targeting ATM, hSMG-1 or control luciferase and exposed to hyperoxia for 1, 3, 6 and 12 h. Knockdown of hSMG-1 but not ATM or control luciferase reduced p53 phosphorylation at 3 h (Figure 3a) . After 6 h, siRNA knockdown of hSMG-1 reduced both p53 phosphorylation and abundance. To determine the role of hSMG-1 and ATM at later times in hyperoxia, A549 cells were transfected with targeting oligonucleotides and exposed to hyperoxia for 24, 48 and 72 h of hyperoxia. siRNA knockdown of ATM and hSMG-1 reduced both p53 (Ser15) and p53 abundance at these later times (Figure 3b ).
hSMG-1 activity is not required for hyperoxia to activate ATM-dependent phosphorylation of Chk2 Since hyperoxia sequentially stimulated hSMG-1 and ATM-dependent phosphorylation of p53, it was of interest to determine whether ATM activity required the earlier activation of hSMG-1. Since Chk2 (Thr68) phosphorylation was dependent upon ATM kinase activity (Figure 1 ), Chk2 phosphorylation was investigated in A549 cells transfected with siRNA against hSMG-1, ATM or luciferase as a nontargeting control. As expected, Chk2 (Thr68) phosphorylation increased during hyperoxia and was dependent upon ATM ( Figure 4 ). siRNA knockdown of hSMG-1 or luciferase did not inhibit Chk2 phosphorylation. ATM undergoes autophosphorylation on serine 1981 as it becomes active (Bakkenist and Kastan, 2003) . siRNA oliognucleotides against ATM, but not hSMG-1 reduced ATM (Ser1981) expression (data not shown). Together these findings reveal that hSMG-1 is not required to activate ATM. PIKKs control p21 and the G 1 checkpoint during hyperoxia Previous studies established that induction of p21 and the G 1 checkpoint during hyperoxia are entirely dependent upon p53 activation (Helt et al., 2004) . Cells lacking p53 exit G 1 during hyperoxia and arrest in S phase through a presently undefined mechanism that involves progressive reduction in BrdU incorporation and elongation of BrdU-labeled DNA. To confirm that PIKK-dependent inhibition of p53 activation also inhibited the induction of p21 and the G 1 checkpoint, A549 cells were transfected with siRNA oligonucleotides against ATM, hSMG-1, ATR and luciferase. Cells were then exposed to room air or hyperoxia for 48 h and the expression of p21 determined. Intriguingly, p21 levels increased twofold higher in hyperoxic cells transfected with siRNA against ATM or ATR while siRNA against hSMG-1 or luciferase did not affect p21 expression (Figure 5a ). Increased levels of p21 were also associated with fewer cells arresting in S phase ( Figures  5b and c) . Thus, PIKK inhibition and subsequent reduction in p53 phosphorylation was not associated with a failure to upregulate p21 and execute the G 1 checkpoint. To test whether PIKKs also control p21 stability, A549 cells were exposed to room air or hyperoxia for 48 h and then treated with cycloheximide to inhibit new protein synthesis. As predicted, p21 levels declined faster in cells exposed to hyperoxia compared to room air (Figure 5d ). These findings reveal that oxidative stress stimulates proteolysis of p21.
EGFp21 stability is regulated by the proteasome
To further investigate how oxidative stress controls p21 stability, we took advantage of p53-deficient H1299 cells with conditional expression of enhanced green fluorescent protein (EGFP) fused to p21 (EGFp21). Because these cells lack p53, they fail to express p21 and therefore growth arrest in S phase during hyperoxia (Helt et al., 2004) . Conditional overexpression of p21 restores the G 1 checkpoint during hyperoxia. Thus, these cells allowed us to investigate how oxidative stress controlled p21 stability independent of its ability to induce p21 via p53 activation. Since endogenous p21 is degraded by the proteasome, we first investigated whether EGFp21 stability could be enhanced when the proteasome is inhibited. H1299-EGFp21 cells were treated with doxycycline to induce expression of EGFp21 and then cultured with cycloheximide in the absence or presence of the proteasome inhibitor MG132. As predicted, inhibition of the proteasome with MG132 prevented the loss of EGFp21 over time ( Figure 6 ). These findings confirm that the proteasome controls EGFp21 stability in H1299 cells.
Hyperoxia stimulates proteasome-dependent p21 degradation through a wortmannin-sensitive pathway To determine whether hyperoxia affects stability of EGFp21, H1299/EGFp21 cells were treated with or without doxycycline and simultaneously exposed to hyperoxia or room air for 24 h. Cycloheximide (50 mg ml À1 ) was added to inhibit the synthesis of new proteins and the cells returned to room air or hyperoxia. Cell lysates were collected over the next 24 h and immunoblotted for EGFp21. Expression of EGFp21 declined over time and the protein was more rapidly lost in cells exposed to hyperoxia (Figure 7a) . Quantitation of blots revealed that exposure to hyperoxia destabilized EGFp21 by approximately 35 % from 4.1±0.46 h in room air to 2.7 ± 0.11 h in hyperoxia-treated cells (n ¼ 3, P ¼ 0.002) (Figure 7b ). To determine whether increased p21 proteolysis during hyperoxia was mediated by PIKKs, cells were treated with doxycycline to induce EGFp21, wortmannin to block PIKKs, and exposed to hyperoxia for 24 h. Cycloheximide was added to inhibit new protein synthesis and expression of EGFp21 assessed in lysates prepared over the next 9 h. Consistent with PIKKs regulating p21 stability, wortmannin delayed loss of EGFp21 (Figure 7c ). Quantitation of blots revealed that EGFp21 stability increased from 2.1±0.28 h without wortmannin to 3.6±1.1 h with wortmannin (n ¼ 3, P ¼ 0.035) (Figure 7d ). These data support a role for wortmannin-sensitive kinases in the hyperoxia-induced degradation of EGFp21 since treatment with wortmannin essentially reversed the destabilizing effects of hyperoxia on p21.
hSMG-1 and ATM regulate p21 stability during hyperoxia To identify the PIKKs involved in regulating p21 stability during hyperoxia, H1299/EGFp21 cells were transfected with siRNA oligonucleotides targeting hSMG-1, ATM, ATR and luciferase. Transfected cells were then treated with doxycycline to induce EGFp21 and exposed to hyperoxia for 48 h. Expression of EGFp21 was assessed by western blot at that time (0 h) or 9 h after treatment with cycloheximide ( Figure 8a ). Consistent with a role for ATM and hSMG-1 in mediating the loss of p21 in hyperoxia, siRNAs targeting ATM or hSMG-1 restored EGFp21 stability in hyperoxia (Figure 8b ). While siRNAs targeting ATR-enhanced expression of p21, it was not a significant change. To assess whether PIKK-dependent loss of p21 stability correlates with alterations in cell cycle progression, doxycycline-treated H1299/ EGFp21 cells were transfected with siRNA oligonucleotides against luciferase, ATM, hSMG-1 or ATR and PIKK regulation of the G 1 checkpoint SC Gehen et al exposed to hyperoxia for 48 h. Interestingly, knockdown of ATM, hSMG-1, but not ATR, enhanced the G 1 checkpoint (Figure 8c ) and reduced the number of cells arrested in S phase (Figure 8d ). Thus, ATM and hSMG-1 stimulate proteolysis of p21 during hyperoxia and therefore diminish G 1 checkpoint activation. To confirm that cell cycle changes were dependent upon p21, the effects of PIKK inhibition was investigated in cells cultured in the absence of doxycycline. Since these cells lack p53, they fail to express p21 and therefore arrest in S phase during hyperoxia (Figure 8c ). siRNA knockdown of ATM, hSMG-1 or ATR had no effect on S phase growth arrest (Figures 8c and d) . Taken together, these findings reveal that ATM and hSMG-1, and to a lesser extent ATR, control p53-independent proteolysis of p21 during oxidative stress.
Discussion
Cell cycle checkpoints activated in response to genotoxic stress prevent replication of damaged DNA presumably to allow time for repair or apoptosis. As loss of these checkpoints results in cell transformation or death, checkpoints are vital in preserving genomic integrity and protecting cells from a variety of adverse environmental conditions. Here, we present evidence that hSMG-1 and ATM, but not ATR, control p53 phosphorylation and abundance (Figure 9 ). Through the use of ATMdeficient lymphoblasts and siRNA knockdown in epithelial cells, we found that hSMG-1 initiates p53 phosphorylation during hyperoxia while ATM helps to maintain phosphorylation over time. While p53 in turn stimulates p21 and executes the G 1 checkpoint, we surprisingly discovered ATM, hSMG-1 and to a lesser extent ATR also control p21 stability. Thus, p21 abundance over time is regulated by PIKKs controlling both p53-dependent synthesis and p53-independent proteolysis of p21. P21 is a critical mediator of cellular responses to DNA damage as low levels are required to inhibit cell growth while higher levels are required to protect against hyperoxia-induced cell death (Vitiello et al., 2006) . As such, the dual functions of PIKKs to control both synthesis and proteolysis of p21 may allow levels of p21 and cell fate to be tightly coordinated with the extent of DNA damage.
Using A549 cells and ATM( þ / þ ) and ATM(À/À) lymphoblasts, we made the novel finding that hSMG-1-mediated phosphorylation of p53 on serine15 occurs prior to ATM-dependent phosphorylation. Moreover, early hSMG-1 signaling in hyperoxia was not necessary to activate ATM signaling at later times. hSMG-1 was previously shown to regulate p53 (Ser15) Figure 7 Oxidative stress stimulates wortmannin-sensitive proteolysis of p21. H1299-EGFp21 cells were exposed to room air or hyperoxia for 24 h in the presence of doxycycline (2 mg ml À1 ) to induce enhanced green fluorescent protein (EGFP) fused to p21 (EGFp21). Cycloheximide (50 mg ml À1 ) was added to inhibit new protein synthesis and cells were returned to room air or hyperoxia. (a) Cell lysates harvested following cycloheximide were immunoblotted with antibodies against EGFP or actin. (b) Graph of EGFp21 band intensity from a representative experiment in which cells were exposed to room air (diamonds) or hyperoxia (squares). (c) H1299-EGFp21 cells were exposed to hyperoxia for 24 h, doxycycline (2 mg ml À1 ) to induce EGFp21 fusion protein and the absence or presence of wortmannin to inhibit PIKK activity. Cycloheximide (50 mg ml
À1
) was added to inhibit new protein synthesis and EGFp21 protein levels determined by western blot analysis. (d) Graph of EGFp21 band intensity from a representative experiment in which cells were exposed to hyperoxia (diamonds) or hyperoxia and wortmannin (squares).
phosphorylation in response to ionizing radiation (Brumbaugh et al., 2004) . The current study extends the role of hSMG-1 by showing it to be a proximal mediator of checkpoint signaling in response to chronic oxidative stress. The rapid activation of hSMG-1 over ATM appears to be unique to hyperoxia as both hSMG-1 and ATM were required to phosphorylate p53 in response to low dose (19 cGy) ionizing radiation (data not shown).
Sequential activation of hSMG-1 and ATM may be due to the chronic and progressive nature of hyperoxia as a damaging agent. Differences in spatiotemporal localization of substrates could account for the differences in hSMG-1 and ATM activation. For instance, ATM physically interacts with damaged DNA in a complex containing MRN (Smith et al., 1999; Abraham and Tibbetts, 2005; Lee and Paull, 2005) . Thus, signals to recruit and phosphorylate p53 could take longer using a slow progressive model of damage-like hyperoxia relative to a bolus of ionizing radiation (Abraham and Tibbetts, 2005) . The dynamics of hSMG-1 localization in response to damage have also not been elucidated, so it is possible that hSMG-1 could diffuse more readily to DNA lesions. Alternatively, hSMG-1 and ATM may be responding to different lesions that are sequentially produced during hyperoxia but simultaneously produced with IR. Consistent with this, hSMG-1 somehow recognizes and responds to aberrantly spliced mRNAs while ATM binds Model of p21-dependent cell cycle arrest during oxidative stress. Oxidative stress and damage sequentially activates hSMG-1 and ataxia telangiectasia mutated (ATM) to phosphorylate and activate p53-dependent transcription of p21. Active hSMG-1 and ATM also stimulate p53-independent proteolysis of p21 via the proteasome. Levels of p21 are ultimately dictated by phosphatidylinositol 3-kinase-like kinases controlling p53-dependent synthesis versus p53-independent proteolysis of p21.
DNA double-strand breaks. Precedent for PIKKs to sequentially respond to different lesions comes from studies showing that ATM rapidly responds to ionizing radiation while ATR responds later presumably due to replication fork stalling caused by damaged DNA (Tibbetts et al., 1999; Bakkenist and Kastan, 2003) . Additional studies are required to clarify why hSMG-1 activation precedes that of ATM in hyperoxia.
This study also found that endogenous and conditionally expressed p21 are destabilized in response to hyperoxia. The loss of p21 stability was reversed by wortmannin, suggesting the involvement of PIKKs. Targeting of PIKK family members ATM and hSMG-1, and perhaps ATR to a lesser extent, restored p21 stability in hyperoxia indicating that p21 stability is regulated through DNA damage signaling. P21 destabilization could affect replication and/or repair through its interactions with PCNA, a component of both processes. Consistent with p21 destabilization affecting DNA repair, the loss of p21 stability in response to low doses of UV was shown to alleviate p21 inhibition of repair through effects on PCNA (Bendjennat et al., 2003) . Alternatively, decreased p21 stability could be important in regulating proliferation. We and others have shown that p21 expression alters the expression or stability of PCNA (Engel et al., 2003; Gehen et al., 2007) . The enhanced degradation of the more abundant PCNA allows the less abundant p21 to bind and inhibit sliding-clamp functions of remaining PCNA more completely, thereby enhancing the G 1 checkpoint. P21 has also been shown to block apoptosis at expression levels much higher than that needed to inhibit cell proliferation (Vitiello et al., 2006) . Hypothetically, extensive or prolonged PIKK signaling would enhance p21 proteolysis, thereby reducing levels below the protective threshold and allowing apoptosis to ensue. The ability of PIKKs to control both synthesis and destruction of p21 may therefore allow cells to finely tune their response to DNA damage.
It is likely that PIKKs control proteasome activity because p21 proteolysis was inhibited by wortmannin and with siRNAs targeting ATM or hSMG-1. In addition, p21 stability is known to be regulated by the proteasome (Blagosklonny et al., 1996; Maki and Howley, 1997) . Although ubiquitination is a signal for protein degradation, surprisingly, the modification of all six lysines in p21 to arginine did not alter the proteasome-dependent nature of p21 degradation (Sheaff et al., 2000) . Instead, p21 was shown to physically interact with the C8 a-subunit of the proteasome and overexpression of mutant forms of p21 unable to bind the proteasome showed greatly enhanced stability. Therefore, proteasomal degradation of p21 can proceed through unique mechanisms including direct binding to the proteasome (Touitou et al., 2001; Coulombe et al., 2004) . Since PIKKs are activated when cells are damaged and the proteasome is responsible for degrading proteins, understanding how PIKKs control proteasome function may provide insight into how cells remove damaged proteins when injured.
Despite the clear capacity of hSMG-1 and ATM to phosphorylate p53 and regulate p21 stability during hyperoxia, the role of ATR remains less clear. Consistent with our previous study using U2OS cells with stable expression of dominant-negative ATR, siRNA knockdown of ATR failed to inhibit p53 (Ser15) phosphorylation during hyperoxia (Helt et al., 2005) . These findings however do not agree with another study showing that overexpression of dominant-negative ATR in HEK293 cells blocks hyperoxia-induced p53 (Ser15) phosphorylation (Das and Dashnamoorthy, 2004) . Since hyperoxia activates ATR-dependent phosphorylation of Chk1, unknown genetic differences between these cell lines might be affecting whether p53 is a substrate for ATR. Although ATR may not phosphorylate p53, this study shows that ATR modestly destabilizes p21 and affects the G 1 checkpoint in A549 but not in H1299 cells ( Figure 5 versus Figure 8 ). While these differences might be attributed to the presence or absence of p53, it is clear that ATM regulates p21 stability in both cell lines. Likewise, hSMG-1 regulates p21 stability in H1299 cells while having a minimal effect on p21 levels in A549 cells. Evidence suggests that hSMG-1 may be the primary regulator of p21 synthesis since the knockdown of hSMG-1 had dramatic effects on p53 expression levels (Figure 3) . Therefore, in cells with wild-type p53, diminished p21 synthesis appears to balance with enhanced p21 stability upon knockdown of hSMG-1 resulting in little change in overall p21 expression. Thus, the role of hSMG-1 in regulating p21 stability was clearly revealed in p53-deficient H1299 cells conditionally overexpressing p21. Taken together, these findings reveal differential capacity of PIKKs to precisely control synthesis versus destruction of the cyclin-dependent kinase inhibitor p21 with hSMG-1 and ATM being the primary regulators of p21 production during hyperoxia.
In summary, this study establishes hSMG-1 as a critical regulator of cell cycle checkpoint signaling under oxidative stress. Furthermore, the results presented support that the G 1 checkpoint is carefully and precisely regulated by PIKK-dependent signaling to allow for the optimal response to DNA damage. By regulating both the synthesis and proteolysis of p21, PIKKs can titer p21 levels required to inhibit cell proliferation, affect DNA repair and block apoptosis. This dual function of PIKKs may therefore allow cells to respond appropriately to the extent of DNA damage present.
Materials and methods
Cell Culture ATM( þ / þ ) and ATM(À/À) lymphoblasts designated GM00536 and GM01526, respectively, were obtained from the Coriell Cell Repositories (Camden, NJ, USA) and cultured in Roswell Park Memorial Institute medium 1640 with L-glutamine and 15% fetal bovine serum, 50 U ml À1 penicillin and 50 mg ml À1 streptomycin (Invitrogen, Carlsbad, CA, USA). A549 and H1299 cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and main-tained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, 50 U ml À1 penicillin and 50 mg ml À1 streptomycin (Invitrogen). Stable clones of H1299 cells with doxycycline-inducible expression of EGFP fused N terminus to human p21 (EGFp21) were created with the pBig2i expression plasmid (Helt et al., 2004) . HCT116 colon carcinoma cells were obtained from Dr Burt Vogelstein at Johns Hopkins School of Medicine. All cell lines were maintained at 37 1C under normoxic conditions (room air with 5% CO 2 ) or exposed to hyperoxia (95% O 2 /5% CO 2 ) using a plexiglass exposure chamber (Bellco, Vineland, NJ, USA). Cycloheximide (Sigma Chemical Co., St Louis, MO, USA), wortmannin (Sigma) and MG132 (Calbiochem, San Diego, CA, USA) were resuspended in dimethyl sulfoxide and used to treat cells.
Western blot analysis
Cells were lysed in 50 mM Tris (pH 7.4), 120 mM NaCl and 0.5% Nonidet P-40 supplemented with 2 mg ml À1 of aprotinin and 100 mg ml À1 phenylmethylsulfonyl fluoride. The lysate was cleared by centrifugation, quantified and boiled for 5 min in Laemmli's buffer (50 mM Tris, pH 6.8; 1% b-mercaptoethanol; 2% SDS; 0.1% bromophenol blue and 10% glycerol). Proteins were separated by polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membranes were then incubated overnight at 4 1C in antibodies for Chk2 (Thr68) (Cell Signaling, Danvers, MA, USA), p53 (Ser15) (Cell Signaling), p53 DO-1 (Novacastra, New Castle on the Tyne, UK), ATM (Ab-3; Calbiochem), hSMG-1 (Ab-1) (a generous gift from Dr Robert Abraham), ATR (Ab-2; Calbiochem), p21 (SX118 PharMingen, San Diego, CA, USA) and anti-b-actin (Sigma). Membranes were washed and then incubated in the appropriate secondary antibodies for 1 h at room temperature. After washing the membranes with Tris-buffered saline Tween-20, specific antibody interactions were visualized by chemiluminescence (Amersham Biosciences). Images were captured on a FluorChem SP (Alpha Innotech, San Leandro, CA, USA) and band intensities were quantified.
RNAi treatment
Cells were plated in 6-well plates overnight and then transfected with luciferase (5 0 -CGUACGCGGAAUACU UCGATT-3 0 ), ATM (GCGCCUGAUUCGAGAUCCUUU), hSMG-1 (CCAGGACACGAGGAAACUGTT) or ATR (GCCAAGACAAAUUCUGUGUTT) siRNA (Casper et al., 2002; Yoshida et al., 2003; Brumbaugh et al., 2004) . All siRNA transfections were carried out using 100 nM of a given siRNA oligonucleotide unless specified. Cells were transfected using lipofectamine2000 transfection reagent according to the manufacturer's instructions (Invitrogen). A high level of transfection efficiency was verified 12-24 h post-transfection using a fluorescently labeled siRNA (Invitrogen).
Protein stability Stability of p21 or EGFp21 was determined by treating A549 or H1299 þ EGFp21 cells with hyperoxia followed by 50 mg ml À1 of the protein synthesis inhibitor cycloheximide. Protein lysates were harvested at the indicated times and immunoblotted for p21 or EGFP . Relative levels of p21 or EGFp21 expression was determined for each timepoint following cycloheximide treatment. Stability of p21 or EGFp21 in hyperoxia was compared to that in normoxia-treated cells.
Statistical analysis
All experiments were repeated 3-4 times. Where appropriate values are means ± s.d. Group means were compared by analysis of variance using Fisher's procedure post hoc analysis with Excel software (Microsoft Corporation, WA, USA) with Po0.05 considered significant.
